Human herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) are large-genome DNA viruses that establish a persistent infection in sensory neurons and commonly manifest with recurring oral or genital erosions that transmit virus. HSV encodes 12 predicted glycoproteins that serve various functions, including cellular attachment, entry, and egress. Glycoprotein G is currently the target of an antibody test to differentiate HSV-1 from HSV-2; however, this test has shown reduced capacity to differentiate HSV strains in East Africa. Until the recent availability of 26 full-length HSV-1 and 36 full-length HSV-2 sequences, minimal comparative information was available for these viruses. In this study, we use a variety of sequence analysis methods to compare all available sequence data for HSV-1 and HSV-2 glycoproteins, using viruses isolated in Europe, Asia, North America, the Republic of South Africa, and East Africa. We found numerous differences in diversity, nonsynonymous/synonymous substitution rates, and recombination rates between HSV-1 glycoproteins and their HSV-2 counterparts. Phylogenetic analysis revealed that while most global HSV-2 glycoprotein G sequences did not form clusters within or between continents, one clade (supported at 60.5%) contained 37% of the African sequences analyzed. Accordingly, sequences from this African subset contained unique amino acid signatures, not only in glycoprotein G, but also in glycoproteins I and E, which may account for the failure of sensitive antibody tests to distinguish HSV-1 from HSV-2 in some African individuals. Consensus sequences generated in the study can be used to improve diagnostic assays that differentiate HSV-1 from HSV-2 in global populations.
H
erpes simplex virus 1 and 2 (HSV-1 and HSV-2) are members of the subfamily Alphaherpesvirinae. They are large, enveloped DNA viruses that cause infections that cycle between a replication stage, where infectious virus particles are shed through mucocutaneous erosions, and a latent infection stage, where the virus persists in sensory neurons (1) . While HSV-1 and HSV-2 induce antibody and T cell responses, they are insufficient to clear the virus. HSV-1 infection is primarily associated with oral lesions and is frequently diagnosed in children, while HSV-2 is primarily associated with genital lesions and is usually sexually transmitted (1) . Coinfection of human immunodeficiency virus type 1 (HIV-1) with HSV-2 is common, with 50 to 90% of those infected with HIV-1 coinfected with HSV-2 (2). Infectious HIV-1 is shed in genital HSV-2 erosions, and the immune infiltrate in genital HSV-2 is enriched in CCR5 ϩ /CD4 ϩ T cells that are targets for HIV-1 infection (3, 4) . Therefore, HSV-2 lesions can serve as portals for both HIV-1 transmission and acquisition. Strategies for preventing HSV-2 infection provide a progressive approach for decreasing the HIV-1 epidemic (5) .
HSV genomes span approximately 152,000 bp and include 77 unique open reading frames (ORFs) that encode proteins. The linear form of the genome contains two unique segments, the unique long (U L ) and unique short (U S ) regions, flanked by inverted-repeat regions, R L and R S , respectively. The genome's high GC content and regions of low sequence complexity have limited the generation of finished full-genome sequences and evolutionary analysis among different isolates (6) , as described in the accompanying paper by Newman et al. (7) . While nucleic acid diversity among isolates across HSV-2 coding regions is low (0.1 to 0.6%) (8) , small, variable-length repeats occur both between the ORFs and in a small number of ORFs, such as U L 36, which encodes a large tegument protein, and R L 2, which encodes ICP0. HSV recombination may complicate phylogenetic analysis of fulllength genomes by presenting a conflicting signal (9) ; therefore, smaller coding regions have often been used to identify evolutionary relationships among genetic isolates of HSV collected in different geographic regions or to compare the two HSV species. Especially in the case of HSV-2, small data sets and a limited number of comparable regions have hindered extensive analyses. The envelope of HSV is a lipid bilayer with up to 12 glycoproteins, based on evidence for covalent glycosylation of their protein products. Proteomic analysis of purified HSV-1 virions has detected at least 9 of these proteins (gL, gM, gH, gB, gC, gG, gD, gI, and gE) (10) . Another protein (gN), encoded by U L 49a, is also glycosylated in another alphaherpesvirus, pseudorabies virus (11), but not in HSV-1 (11, 12) . It is included in this study because there is evidence that it localizes to the viral HSV-2 envelope and can also complex with gM (1) . HSV glycoproteins are important during early interactions between the virus and the target cell, in virus egress and cell-to-cell spread, and in evasion strategies to avoid the immune response of the host (13) ; however, the function of each glycoprotein varies in relationship to the overall pathogenesis and immune evasion by the virus. Some glycoprotein genes are dispersed across the U L region; in contrast, others comprise the majority of the U S region, where they are closely distributed, separated by small regions of length variation. Analysis across glycoproteins may help identify antigenic regions, support vaccine development, and provide better knowledge of the immune response as HSV evolves in global populations and in relationship to the HIV-1 epidemic. Previous studies of HSV-1 glycoprotein diversity have shown the presence of distinct clades and recombination (14) (15) (16) (17) (18) ; however, more recent studies suggest that no subgroups of HSV-1 exist (6, 19) . Studies of four HSV-2 glycoproteins (gG, gI, gE, and gB) have suggested distinct HSV-2 clades with (20) and without (21) recombination.
Recently, 36 full-length HSV-2 genomes collected from four continents have been added to the NCBI sequence database, enabling a more robust analysis of HSV-2 glycoproteins (7, 22) . Importantly, HSV glycoproteins, in particular gG, are the target of antibody detection assays used for the diagnosis of HSV-1 or HSV-2 infections (23); therefore, a comparison of HSV-1 and HSV-2 glycoproteins could show why these tests sometimes fail, especially in East Africa, where some serological tests have an assay specificity as low as 50.7% (24) (25) (26) (27) (28) . We analyzed all putative glycoprotein genes in the U L and U S regions, which included sequences derived from North America, Europe, Asia, the Republic of South Africa, and East Africa. The goal was to clarify how HSV glycoproteins have evolved in global populations and in comparison to each other. In addition, for the first time, an analysis of HSV-2 glycoproteins gL-2, gM-2, gH-2, gN-2, and gJ-2 was possible.
MATERIALS AND METHODS
Published HSV-1 and HSV-2 glycoprotein sequences and their location data (when available) were downloaded from the Virus Pathogen Resource (ViPR) (http://www.viprbrc.org/brc/home.spg?decoratorϭvipr) interface to NCBI GenBank (https://www.ncbi.nlm.nih.gov/GenBank/) (see Data Set S1 in the supplemental material).
Automated alignments were generated using MEGA5 software (29) for each HSV species glycoprotein at the amino acid level and optimized by hand when necessary, after which the alignments were analyzed as nucleic acids, except where noted. Alignments containing both HSV-1 and HSV-2 sequences for each glycoprotein were also generated. To study recombination, concatenated alignments containing HSV-1 and HSV-2 glycoprotein sequences were generated from full-length HSV-1 (26 sequences) and HSV-2 (38 sequences) published sequences (6, 7, 22) . The concatenated alignments contain glycoproteins in the order in which they reside in the U L (gL-gM-gH-gB-gC-gN-gK) and U S (gG-gJ-gD-gI-gE) regions. Individual glycoprotein alignments were also used to assess recombination, as described below.
Assessments of overall evolutionary nucleotide diversity within an individual HSV-1 and HSV-2 glycoprotein alignment and divergence between HSV-1 and HSV-2 glycoprotein alignments (the average percent base substitutions per site over all sequence pairs) were conducted in MEGA5 (29) using the Tamura 3-parameter model (30) . Standard error estimates were obtained by bootstrap (1,000 replicates). The best molecular model was identified using Model Selection in MEGA5. Nonsynonymous (dN) and synonymous (dS) substitutions per site were calculated using 1,000 bootstrap replicates and the Nei-Gojobori model (31) . Amino acid divergence between HSV-1 and HSV-2 glycoprotein species was calculated in MEGA5 using the JTT correction. As described above, the molecular model was selected using Model Selection in MEGA5. Standard error estimates were obtained by bootstrap (1,000 replicates). All codon positions were included, and gapped positions were eliminated globally.
Several algorithms that use different statistical approaches were used to investigate recombination within individually aligned glycoprotein sequences and concatenated glycoprotein sequence alignments, as follows. The Recombination Detection Program (RDP) includes nine nonparametric recombination detection methods (32) . The Genetic Algorithm Recombination Detection (GARD) program searches for evidence of segment-specific phylogenies; GARD searches the space of all possible locations in the alignment for breakpoints, inferring phylogenies for each putative nonrecombinant fragment, and assesses goodness of fit by the Akaike information criterion (33) . Splitstree uses the pairwise homology test (PHI test) to statistically test for the presence of conflicting signal (recombination) in a set of aligned sequences with performance similar to that of coalescence-based methods; a P value of Ͻ0.05 is considered significant signal for recombination (34) . In the analysis of each glycoprotein sequence, all genetic data available for each glycoprotein available in GenBank was used (see Data Set S1 in the supplemental material). In the analysis of concatenated alignments, only glycoprotein data from fulllength sequences were used (6, 7). Simplot (35) was used to apply a boot-scanning approach to concatenated alignments with the following settings: window size, 1,000; step size, 50; strict consensus; F84 maximumlikelihood model of evolution; and 1,000 bootstrap replicates. A recombination signal in Simplot was considered positive at a cutoff of 70% (36) . To corroborate the recombination signal in Simplot, neighbor-joining phylogenies (1,000 bootstrap replicates) were constructed using segments of the alignments that flanked the potential recombination breakpoint.
To investigate positive selection on a site-by-site basis, and because there is debate about whether counting methods or random-effects models are better approaches (37-39), we used an agreement-based inference that included the five methods available in the HyPhy analysis suite (40) (SLAC, FEL, iFEL, MEME, and FUBAR). A comparison of the SLAC and FEL methods is available in reference 41. iFEL is slightly different from FEL in that it investigates sitewise selection on internal branches of a phylogenetic tree to determine whether selection is occurring at the pop-ulation level (42) . MEME is a mixed-effects model of evolution that investigates episodic diversifying selection affecting individual codon positions (43) . FUBAR uses a Bayesian approach for inferring selection (44) . If at least three of these methods indicated positive selection at a particular coding position, positive selection was considered likely.
An amino acid phylogeny of HSV-1 gG was constructed using the JTT evolutionary model and 1,000 bootstrap replicate samples (45) . This phylogeny was imported into Figtree software (http://www .molecularevolution.org) for graphic viewing of the results. The program Cluster Picker (46) was used to isolate clades in the tree meeting the criteria of Ͼ60% bootstrap significance and Ͻ0.5% diversity. Phylogenies for gI-2 and gE-2 were similarly constructed.
Signature pattern analysis was carried out for aligned HSV-2 gG, gI, and gE sequences using the program VESPA (47) . The program detects positions for which the most common character in the query set differs from that in the background set. A background set of 15, 12, and 11 African sequences, which represented highly supported phylogenetic clades in gG, gI, and gE phylogenies, respectively, were isolated and compared to (i) other African sequences, (ii) all Western sequences (U.S. plus European), and (iii) all Asian sequences. Positions where two or more background sets were more than 70% different from one another were identified. Amino acid frequencies at distinguishing sites were calculated. The genetic distance within each query sequence population was also calculated. A gG, gI, and gE consensus sequence was generated for all HSV-1 sequences, the subset of HSV-1 African sequences that were phylogenetically distinct, and HSV-2 sequences using Geneious software (version 6.0.5). Consensus positions in the alignment were based on 95% identity. In cases where no consensus was identified, an "X" appears in the alignment. The three consensus sequences representing each glycoprotein were aligned, and amino acids were highlighted using a polarity color scheme (yellow, nonpolar; green, polar/uncharged; red, polar/acidic; blue, polar/basic) in Geneious software (version 6.0.5).
RESULTS
The numbers of sequences for each of the individual HSV-1 and HSV-2 glycoproteins were comparable among most sets of aligned glycoproteins, with two exceptions: for gB, there were three times more HSV-2 sequences, and for gJ, there were approximately three times more HSV-1 sequences ( Table 1 ). The se- When dN/dS is greater than 0.6, the bar is outlined with a thick line. quence populations for each glycoprotein were derived from viruses isolated in Europe, North America, Asia, East Africa, and South Africa. As expected, HSV-1 and HSV-2 glycoprotein genes were similar in length and aligned well, except for gG, for which the HSV-1 and HSV-2 genes were of different lengths and difficult to align, except at the 3= ends of their coding sequences. The recently published 36 full-length HSV-2 genomes (7, 22) allowed a first-time evaluation of diversity in five glycoproteins (gL-2, gM-2, gN-2, gH-2, and gJ-2). Diversity within HSV glycoprotein genes at the nucleotide level ranged from 0.5 to 1.9% for each sequence population (Table 1) . HSV-1 sequence alignments were Ն50% more diverse than HSV-2 sequences in all cases except in gN. The nonsynonymous (dN)-to-synonymous (dS) nucleotide substitution ratios were usually less than 0.5 in HSV-1 glycoprotein genes but were above 0.6 in seven HSV-2 glycoprotein genes (gL, gB, gC, gK, gG, gI, and gE), suggesting that different evolutionary constraints were acting on the two HSV populations (Fig. 1) . gM, gH, gC, and gD had similar dN/dS ratios in the two HSV subtypes.
Analysis of nucleotide divergence between HSV-1 and HSV-2 glycoprotein genes showed that three of the four HSV glycoprotein genes necessary for virus entry (gH, gB, and gD) were among the five most highly conserved between the two species; however, gL, which is also essential, was among the least conserved between orange, Asia). The tree was used as a guide to group some sequences in the boot-scanning analysis plot shown in panel A. Boot-scanning groups, indicated by colored cones subtending the sequence names, were defined by bootstrap significance of Ͼ90% and included three African groups (1 to 3), one European group, one Asian group, and one mixed group containing sequences from Asia and Europe. (C) Three midpoint-rooted phylogenies were generated and are shown in cladogram format. The phylogenies were generated with segments of the alignment as noted in panel A. The lengths of the segments used to create the phylogeny are shown at the bottom. Portions of the tree containing highly supported clades, similar to the phylogeny containing the full concatenated sequence (panel B), are indicated. The strain containing the most closely related recombinant segment is indicated next to the phylogeny with the query sequence (strain 17). The asterisks indicate bootstrap values of 70% or higher.
species (Table 1) . The most closely related glycoprotein between HSV-1 and HSV-2 was gB, at 11.8% divergence, followed by gK at 17.9%. In contrast, the most divergent glycoprotein genes were the gG gene at 64.6%, followed by the gJ gene at 53.9%. Amino acid divergence followed a similar pattern, except that in this case, the gJ gene was the most divergent glycoprotein gene between species (Table 1) . Amino acid divergence between HSV-1 and HSV-2, calculated using the best-fitting molecular model (JTT), . The tree was used as a guide to group some sequences in the boot-scanning analysis plot shown in panel A. Boot-scanning groups, indicated by colored cones subtending the sequence names, were defined by bootstrap significance of Ͼ90% and included two African groups (1 and 2), one European group, one Asian group, one U.S. group, one South African group, and two mixed groups containing sequences from (i) Uganda and the United States and (ii) South Africa and the United States. (C) Two midpoint-rooted phylogenies were generated and are shown in cladogram format. These phylogenies were generated with segments of the alignment as noted in panel A. The lengths of the segments used to create the phylogeny are shown at the bottom. The strain containing the most closely related recombinant segment is indicated next to the phylogeny with the query sequence (G19090_UG). The asterisks indicate bootstrap values of 70% or higher.
was sometimes much higher than corresponding nucleic acid divergence calculations. This is likely due to the nonlinear scaling for multiple substitutions with a complex model. Moreover, HSV genes have a high GC content, with about 80% G or C occurring at the 3rd codon position. This permits a biased codon usage for HSV, with an effective codon usage of approximately 40/61 different codons. These biases are expected to cause relatively low nucleotide diversity for a given degree of amino acid diversity.
A variety of computational approaches are classically used to detect genomic recombination events, and the strength of the positive signal for recombination varies between algorithms (9, 34, 48). These methods could be sensitive to sequence populations containing a very large amount of diversity that would result in phylogenetic noise; likewise, in a low-diversity data set, recombination would be impossible to detect using any computational approach (9) . Using GARD, the PHI test in Splitstree, and nine other recombination algorithms in RDP, we detected moderate recombination in HSV-1 and infrequent recombination in HSV-2 glycoprotein alignments (Table 2 ). In most cases these alignments contained similar numbers of diverse global HSV isolates. The methods used were often inconsistent in their abilities to detect recombination, with the PHI test suggesting the most recombination events, in eight HSV-1 and HSV-2 glycoprotein alignments; GARD identified six recombination breakpoints within the aligned data, and RDP calculated recombination signal in only three sets of aligned data.
Concatenating glycoprotein sequence alignments and applying a boot-scanning approach could identify recombination within larger genetic segments of HSV. One would expect, given the physical distance between the locations of the glycoproteins in the full genome (especially in U L ), clear breakpoints would occur near or at sites of concatenation. The same algorithms (GARD, PHI test, and RDP) applied to individual alignments were applied to the concatenated alignments. Again, HSV-1 exhibited more evidence of recombination than HSV-2 alignments, with a median value of 5 breakpoints for HSV-1 compared to 0 breakpoints for HSV-2 in U L and a median value of 3.5 breakpoints in HSV-1 compared to 0 breakpoints in HSV-2 in U S . Boot-scanning (Simplot) analysis of concatenated sequence alignments suggested recombinant segments for both HSV-1 and HSV-2 in U L (Fig. 2 and 3) , with recombination breakpoints appearing close to glycoprotein concatenation sites. To substantiate this result, phylogenies were generated using recombinant segments of the aligned data ( Fig. 2B and 3B and C). Many highly supported branches were identified in each of the partial HSV-1 phylogenies, whereas very few highly supported branches were identified in the a The number in parentheses is the cutoff P value for the single degree of freedom likelihood ratio test to classify a site as positively selected. b The number in parentheses is the cutoff P value for the two-tailed extended binomial test to classify a site as positively selected. c The number in parentheses is a cutoff value for the Bayes factor for the event of positive selection at a given site, sel 2. HSV-2 U L partial phylogenies, arguing that recombination in HSV-2 either is occurring less or is simply too difficult to detect using a computational approach. Also of note is that putative recombination was usually detected within continents and much less frequently between continents in both strains. Boot scanning was also performed for the HSV U S concatenated sequence alignments. Again, recombination was detected in most HSV-1 sequences but could not be confirmed in any of the HSV-1 U S sequences. Positive selection occurs in coding regions when evolution selects for advantageous amino acid residue changes. Of the methods used for detecting amino acids under positive selection, MEME and FUBAR frequently identified many positively selected sites compared to the older methods (FEL, iFEL, and SLAC) ( Table 3 ). Both of these algorithms are considered superior to the other methods used because they reflect selection under a wider range of scenarios that may vary over a larger number of site classes (43, 44) . Glycoprotein C, which plays a significant role in attachment to the cell surface and the adsorption of virus to cells, contained the most positively selected amino acids in HSV-1 (Table 3). Combined with high diversity (1.2 Ϯ 0.1) and a high dN/dS ratio, this indicates that HSV-1 gC is perhaps more flexible than other glycoproteins while simultaneously fixing potentially beneficial mutations. In HSV-2, gG contained the most positively selected sites and a corresponding high dN/dS ratio. Again, this in-dicates a region that is randomly accumulating mutations while fixing those that are advantageous.
Because serology tests used to discriminate HSV-1 and HSV-2 infections are frequently inaccurate in East African populations (25) (26) (27) (28) , we further examined HSV-2 gG amino acid sequences using phylogenetic methods. The analysis demonstrated that most global strains were dispersed around the tree, with few clusters with bootstrap support greater than 50%; however, there was one large (14 sequences), low-diversity clade (Ͻ0.1%) with moderate bootstrap support (Ͼ60%) (Fig. 4A) . The viruses represented in this clade were similarly identified in phylogenies of glycoproteins gI-2 and gE-2 ( Fig.  4B and C) . This group of African sequences comprised 37% of the total East African sequences in GenBank and was derived from subjects in Tanzania and Uganda.
To understand the changes in amino acids that resulted in the phylogenetic grouping of the African subset, a signature pattern analysis was performed that compared the sequences to alignments with the other African, the Western-derived, and the Asian sequences. A unique amino acid signature emerged for the HSV-2 gG, gI, and gE glycoproteins in the East African subset (Table 4) . Four positions in gG-2 varied significantly from those in the other groups. gG-2 position 291 was always a neutral glycine in the African subset and primarily a negatively charged glutamic acid in the other groups. At gG-2 position 338, a lysine was identified in 98% of the African subset, whereas arginine was present in most other sequences. Significant polymorphisms in positions gG-2 372 and 542 were not departures in charge but could represent slight differences in hydrophobicity or polarity. Position 542 is within a known immunodominant region of gG (49) . Additional signature amino acid polymorphisms occurred in glycoproteins gI-2 and gE-2 (Table 4) . Alignments containing consensus amino acid sequences from HSV-1, HSV-2, and the African subset for gG, gI, and gE contain numerous regions with enough sequence identity for the development of new enzyme-linked immunosorbent assays (ELISAs) that would improve the diagnostic serology for HSV-1 and HSV-2 in global populations (Fig. 5 to 7) .
DISCUSSION
Until the recent availability of 36 full-length HSV-2 sequences (7, 22) to add to a panel of 26 full-length HSV-1 genomic sequences (6) , our ability to analyze the diversity between HSV-1 and HSV-2 has been limited. The genetic distance between HSV-1 and HSV-2 glycoprotein nucleotide and amino acid sequence populations can be quite large (11 to 64% and 13.5 to 83%, respectively). Despite the finding that HSV-1 glycoproteins are significantly more diverse than those of HSV-2 (P Ͼ 0.001), nonsynonymous substitutions were more frequently observed in HSV-2 glycoproteins. Overall, this implies that while HSV-2 is accumulating both synonymous and nonsynonymous changes, the change is occurring at such a low level that there is limited biological effect.
Nucleotide and amino acid diversity revealed a number of contrasting results between HSV-1 and HSV-2 strain glycoproteins. For example, this study was the first to examine a large number of sequences of gL-2, gM-2, gN-2, gH-2, and gJ-2 and to compare them to their HSV-1 counterparts. Nucleotide diversity in gL-2, a protein that chaperones gH through the Golgi apparatus to the plasma membrane (1), was almost nonexistent, in contrast to considerably high diversity in gL-1. Nucleotide diversity levels in gM, gH, and gN were similar in HSV-2 and HSV-1 strains. Calculations of gJ diversity showed a difference between the two species; however, in both species, gJ maintained the same length and showed a highly conserved region from amino acid positions 48 to 75, which may be important in the glycoprotein's function of blocking apoptosis (1) . The large genetic diversity between the gG proteins of the two species is due to the fact that they share homologous segments only at the 3= end of the gene, and because of this divergence, the viral protein product has historically been used to differentiate HSV-1 and HSV-2 antibody responses (1). Glycoprotein B has diverged least between HSV-1 and HSV-2, which may be related to the essential nature of gB for viral entry via fusion of the envelope with the plasma membrane (1). Glycoprotein K, which appears to be associated with neurovirulence, is the second most conserved glycoprotein between the two virus types. The fact that it is conserved more than glycoprotein H is particularly interesting, because gH is thought to be essential for virus entry and virus-induced cell fusion (1). This is important, because it provide evidence that gK has important in vivo functions that are not essential for viral replication in cell culture. While the results presented here are not intended to give an exhaustive review of diversity in all glycoproteins, they provide evidence that will be useful for additional studies, such as protein modeling and elucidating how glycoprotein variation affects structure-function relationships among HSV species.
Because of the potentially confounding effect on evolution and important biological implications, viral recombination is essential to consider when studying HSV-1 and HSV-2 diversity. A high degree of recombination has been suggested in the literature for both HSV-1 (6, 14, 16) and HSV-2 (20) strains. While we were able to identify recombination using numerous algorithms in more than 50% of the HSV-1 glycoproteins, differing from previous reports (20) , recombination in HSV-2 was much more difficult to detect. This is likely due to the decreased sequence divergence in HSV-2 sequence populations a The subscript number indicates the percentage of sequences in the alignment with the corresponding amino acid. The positions correspond to the positions in the amino acid alignments shown in Fig. 4 to 6.
compared to HSV-1. Even if recombination was occurring at a high rate in HSV-2, the limited glycoprotein diversity results in difficult-to-detect recombination events. Analysis of recombination within full-length HSV-2 genomes in the accompanying paper by Newman et al. (7) also documents much less detectable recombination occurring in HSV-2 than previously reported in HSV-1 (6). The lower HSV-2 recombination rate could be related to the fact that there has been less time for HSV-2 to recombine because it evolved after HSV-1 (50), or it may be the result of the lower seroprevalence of HSV-2 worldwide, so that people are less likely be coinfected by two strains. Positively selected amino acid residues were frequently identi- fied in HSV glycoproteins, with the highest number of positively selected sites occurring in gC-1 and gG-2. This finding, along with the detection of five or more positively selected sites in gG-2 and a high number of nonsynonymous substitutions, was an indication that perhaps nucleotide variation and the resulting antigenic variation were impacting the sensitivity or specificity of the Western blot assay in East Africa, where there is a significant difference between ELISA and Western blot results (25) (26) (27) (28) . This may be due in part to the U.S. strain of HSV-2 used to provide the antigens in the Western blot and extends to the antigen used in commercial ELISAs. Serologic differences in performance with African sera may be partially based on the finding that the gG-2 gene differed the most between African and Western strains of HSV-2. Further testing of HSV amino acid sites under positive selection may show how these sites affect glycoprotein structure. Phylogenetic analysis indicated that a subset of East African sequences that were collected from Uganda (7) and Tanzania (20) frequently segregated together in a low-diversity clade, especially in the U S glycoproteins. Signature pattern analysis revealed that these sequences possess a unique signature in gG-2 that includes one position in an antigenic region bound by HSV-2-reactive antibodies (49) . An amino acid signature in this East African subset was also identified in gI-2 and gE-2. gI and gE form a complex with each other, and this complex binds to the Fc domain of IgG (1); therefore, unique signature patterns across these U S glycoproteins could be due to coevolution of amino acids based on necessary structural or physical functions. While this group of African sequences does not represent a true unique clade of HSV-2, the study demonstrates that virus evolving over many years in localized regions could perhaps generate enough unique signatures to impact serological testing. Future studies will explore whether other HSV-2 glycoproteins or different HSV-1 gG consensus sequences are more suited for antibody detection assays. Several vaccines to prevent or treat HSV-2 infection have recently been tested in clinical trials, and additional vaccines are being tested (51) (52) (53) . Each of these vaccines has a different composition, ranging from a single truncated gD-2 in the case of the GlaxoSmithKline vaccine (51) to a nearly complete HSV-2 in the case of the replication-incompetent strain with mutations in U L 5 and U L 29 (54) . The implications of variation between HSV-1 and HSV-2 and between HSV species vary for these different vaccine formats. The truncated gD-2 protein vaccine (51) would not be expected to differ in efficacy with geographic region, as gD-2 sequences show very little variation. This vaccine showed better efficacy against HSV-1 than against HSV-2 in HSV-seronegative women, with the efficacy correlating with anti-gD2 antibody levels (55) . This cross-protection is not completely unexpected, as gD-2 and gD-1 are highly similar in amino acid sequence. The absence of variability within gD-1 sequences bodes well for this candidate should it be advanced for HSV-1 protection. gB-1, also required for cell entry, has a similar favorable absence of diversity within and between strains, while our analyses show that gH and gL, which are also the targets of neutralizing antibodies, exhibit greater diversity. In contrast, HSV-2 therapeutic vaccines designed to elicit antibodies and T cells (56) are typically multivalent and may be less prone to sequence variation effects (57) . Amino acid alignments containing consensus sequences from HSV-1, HSV-2, and the African subset further elucidate the differences between glycoprotein strains and will be used to generate new ELISAs that can better discriminate HSV-1 from HSV-2 antibodies in human sera.
Summary. In this study, several analyses indicated that HSV-2 isolates are less diverse and perhaps evolving under different evolutionary pressures than those of HSV-1. This finding is likely due to the different evolutionary histories of the two strains (50, 58, 59) . In the most recent analysis of the origins of the herpesvirus, HSV-1 was estimated to have emerged approximately 6.6 million years ago due to codivergence of chimpanzees and humans, whereas HSV-2 arose later, the latter hypothesized to be a crossspecies transmission from chimpanzee to humanoids about 1.6 million years ago (50) . Several factors may contribute to the higher worldwide seroprevalence and diversity of HSV-1 than of HSV-2, such as the time difference between the origins of the two species (60, 61) and more frequent exchange of oral secretions than genital secretions. In cell culture, HSV-1 also provides higher yields than HSV-2, so there may be more copies of HSV-1 shedding (1), which could impact viral diversity and the yield of recombinant viruses during a cellular coinfection event. Viruses evolving in different cellular reservoirs may also have impacted the difference in evolution between the two species. One final hypothesis is that HSV-1 may have reached a saturation point where positive selection is acting to control diversity that is not yet observable or essential for viral success in some HSV-2 genes. The influence of HSV-2 infection on the HIV-1 epidemic emphasizes the importance of studies that provide in-depth genetic analysis of HSV genes, especially the glycoproteins, because they permit further exploration of the evolutionary history of these viruses and because of their importance in designing serological tests and in vaccine development. 
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